A reflective polarizer consisting of two layers of 190 nm period metal gratings was fabricated using nanoimprint lithography. Measurements with a He-Ne laser ͑wavelengthϭ632.8 nm͒ showed that at normal incidence, this polarizer reflects light polarized perpendicular to the grating lines ͑transverse magnetic polarization͒ with a reflectance of 54%, but strongly absorbs parallel-polarized light ͑transverse electric polarization͒ with a reflectance of only 0.25%. The enhanced polarization extinction ratio of over 200 at this wavelength is possibly related to the resonance between the two layers of metal gratings. This polarizer is thin, compact, and is suited for integrated optical systems. © 2000 American Institute of Physics. ͓S0003-6951͑00͒01133-5͔
Control of the polarization of light is an important issue in many optical systems; however, various commercially available linear polarizers are bulky and expensive. More importantly, they cannot be produced using microfabrication technology and are unsuitable for monolithic integration. For example, birefringent-crystal-based polarizers require oblique incidence in operation, thus they are necessarily three dimensional in structure and incompatible with integrated optical systems and liquid crystal displays. Planar polarizers on the market today are either plastic or glass based, neither of which is suitable for planar integration.
Some recent studies have been directed toward the development of planar polarizers that are small in size and also compatible with integrated circuit fabrication. [1] [2] [3] [4] Subwavelength gratings are attractive candidates because they may provide the needed polarization functionality in a compact format, and the fabrication can be made compatible with existing semiconductor technology.
Unlike other types of polarizers, subwavelength-gratingbased optical elements have the advantage of a very thin effective layer thickness ͑less than 0.3 m in this case͒, and they are perfectly suited for monolithic fabrication. They could have a wide range of applications in optical interconnection networks, optical computing, and flat panel displays.
However, current work in subwavelength optical elements is quite limited: only a few experimental demonstrations have been reported to date. [4] [5] [6] [7] [8] This is partly due to the difficulty and cost associated with patterning submicron and nanoscale structures using conventional lithography tools such as electron-beam or x-ray lithography. A high throughput alternative for nanopatterning is nanoimprint lithography ͑NIL͒, 9 which has demonstrated sub-10 nm resolution and has the potential to provide a low-cost lithography tool for the mass production of subwavelength-structured devices.
In this letter, we report on a planar thin film reflective polarizer that consists of two layers of 190 nm period metal gratings ͑Fig. 1͒. They are separated by a layer of 200 nm thick poly͑methylmethacrylate͒ ͑PMMA͒ grating. This polarizer is highly reflective for light polarized perpendicular to the grating lines and is highly absorbing for light polarized parallel to the grating lines. A polarization extinction ratio of over 200 was achieved at a wavelength of 632.8 nm.
In the fabrication process, a layer of 200-nm-thick 15 K PMMA film was spun onto a 1 in. diameter silica wafer. The PMMA was then patterned by NIL using a 190 nm period grating mold. The mold was made on a silicon wafer and was patterned using interference lithography followed by metal lift-off and a CHF 3 anisotropic reactive ion etching process. 10 The grating mold was pressed into the PMMA after the wafer and the resist was heated to 175°C, well above the glass transition temperature of the PMMA. After cooling, the mold was separated from the sample leaving a grating pattern in the PMMA.
Finally, metal deposition was done in an electron beam evaporation system at a pressure of 5ϫ10 Ϫ6 Torr. At room temperature, the mean free path of the evaporant atoms is well above 100 cm at such a pressure. As a result, the incoming beam can be considered nondivergent. A normally incident beam can therefore not coat the sidewalls of the square PMMA grating. 9 In this work, 5 nm of Cr and 70 nm of Au were evaporated onto the sample to form the double-layer metal grating structure. The metal deposited on top of the PMMA serves as the first layer, the metal deposited inside the trenches be- A scanning electron microscope image of the sample indicates that the top metal grating layer has a linewidth that is about 60% that of the bottom layer ͑Fig. 2͒. Because the useful area of gratings produced by the NIL process is very large ͑several cm 2 in this case͒ compared to similar gratings fabricated using electron-beam lithography, the sample can be easily measured with a He-Ne laser ͑wavelengthϭ632.8 nm͒ at normal incidence without the necessity of focusing the beam. The reflectance for the light polarized perpendicular to the metal lines ͓transverse magnetic ͑TM͒ mode͔ is 54%. For parallel polarization ͓trans-verse electric ͑TE͒ mode͔, the reflectance is 0.25%, giving an extinction ratio of over 200 at this wavelength. The transmission was also found to be slightly polarization dependent. The transmittances are 15% and 18% for the TM and TE mode, respectively.
The reflectance at normal incidence was also measured as a function of wavelength using a monochromator, the result is plotted in Fig. 3. Figure 3͑a͒ indicates that the TM mode is much more strongly reflected than the TE mode for wavelengths ranging from 500 to 800 nm. Figure 3͑b͒ shows the wavelength-dependent polarization extinction ratio (R TM /R TE ), which has a maximum at 630 nm in the visible spectrum.
After the initial reflectivity measurement, the top metal grating layer was lifted off with acetone, leaving only the bottom metal grating on the substrate. The sample's reflectance was again measured at 632.8 nm. The reflectivity as a function of the relative angle between the orientation of the metal grating lines and the polarization direction of the incident light is shown in Fig. 4 . The reflectivity of the doublelayer metal grating sample is also plotted for comparison. We found that the reflectivity was about 50% for both the TM and TE polarizations for the sample with only the bottom metal grating. Namely, the polarization-dependent reflectivity exists only in the double-layer metal grating structure, and the reflection becomes polarization independent if the top layer metal grating were removed.
For single-layer subwavelength-metal-grating polarizers, several experiments have shown that with fixed grating periods, polarization anisotropy increases as the wavelength The double-layer structure shows a reflectivity that is highly polarization dependent. After removal of the top grating layer, the wide line bottom grating layer is highly reflective for both polarizations.
increases. 7 Our device, however, shows an extinction ratio maximum in the visible, indicating the existence of a resonance between the two metal grating layers.
Our device can be modeled as a homogeneous birefringent film sandwiched between two anisotropic metal grating layers. Theoretical calculations show that the narrowlinewidth top metal grating layer is much more reflective to the TE polarization than TM, while the bottom metal grating layer is highly reflective for incident light of both polarizations because it has a larger linewidth. The PMMA grating between them behaves like a uniaxial birefringent medium; calculations indicate the index of refraction of 1.20 and 1.11 for the TE and TM polarization, respectively. 11 Compared with metal wire grid polarizers which have only one layer of subwavelength period metal gratings, resonance between the two metal gratings of this polarizer helps to enhance the polarization selectivity significantly for wavelengths close to 630 nm.
Our experiments show that subwavelength gratings have the potential to provide the polarization functionality needed for integrated optics. Because of resonance effects, high polarization extinction ratios at certain wavelengths can be more easily achieved with a double-layer metal grating structure.
With further improvements, NIL may provide a low-cost fabrication tool for the patterning of subwavelength structures over large area for different applications.
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